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Reconfiguration and Load Balancing in the LV and
MV Distribution Networks for Optimal Performance
Mukwanga W. Siti, Dan Valentin Nicolae, Adisa A. Jimoh, Member, IEEE, and Abhisek Ukil
Abstract—To get the distribution network to operate at its optimum performance in an automated distribution system reconfiguration was been proposed and researched. Considering, however,
that optimum performance implies minimum loss, no overloading
of transformers and cables, correct voltage profile, and absence
of phase voltage and current imbalances, network reconfiguration
alone is insufficient. It has to be complemented with techniques for
phase rearrangement between the distribution transformer banks
and the specific primary feeder with a radial structure and dynamic phase and load balancing along a feeder with a radial structure. This paper contributes such a technique at the low-voltage
and medium-voltage levels of a distribution network simultaneously with reconfiguration at both levels. While the neural network
is adopted for the network reconfiguration problem, this paper introduces a heuristic method for the phase balancing/loss minimization problem. A comparison of the heuristic algorithm with that of
the neural network shows the former to be more robust. The approach proposed here, therefore for the combined problem, uses
the neural network in conjunction with a heuristic method which
enables different reconfiguration switches to be turned on/off and
connected consumers to be switched between different phases to
keep the phases balanced. An application example of the proposed
method using real data is presented.
Index Terms—Distribution automation, distribution control,
heuristic algorithm, load balancing, neural network, optimal control, phase arrangement, phase current imbalance, phase voltage
imbalance, power loss, reconfiguration.

I. INTRODUCTION
NE OF THE anticipated main benefits of a distribution
system automation project is to get the distribution network operating at its optimum performance. Ultimately, this
means that in its continuous operation a distribution network
has built in it means to automatically ensure that its operations
is at the optimum efficiency at the MV and LV levels; cases
of overloading of transformers and cables are automatically
sensed and remedied; voltage profiles along the feeders are
continuously automatically kept within statutory level; and cases
of phase voltage and current unbalances, inherent as loads are
switched and breakers are operated, are automatically sensed
and corrected. Towards this end distribution feeder reconfiguration had been proposed and researched [1]–[5], [10]–[15]. As
reconfiguration alone is insufficient it has to be complemented
with techniques for phase rearrangement between the distribution transformer banks and the specific primary feeder with a
radial structure [2]. Even then this too is insufficient; it needs
to be complemented with some sort of technique for ensuring

O

Manuscript received July 26, 2006; revised January 12, 2007. This work was
supported by Eskom, South Africa under TESP. Paper no. TPWRD-004182006.
The authors are with the Electrical Engineering Department, Tshwane University of Technology, Pretoria 0116, South Africa (e-mail: willysiti@yahoo.
com; danaurel@yebo.co.za; jimohaa@tut.ac.za; abhiukil@yahoo.com).
Digital Object Identifier 10.1109/TPWRD.2007.905581

continuous dynamic load balancing along a feeder with a radial
structure. This paper contributes such a technique at the LV level
of a distribution network in simultaneity with reconfiguration at
the MV level.
During normal operating conditions, an important operation
problem in configuration management is network reconfiguration. As operating conditions change, the main reasons to reconfigure a network are 1) to reduce the system real power losses
and 2) to relieve overloads in the network [1]. It can also be used
for the networks reconfiguration management operation to restore service to as many customers as possible during a restorative state following a fault.
Many studies have been carried out on network and feeder
reconfiguration in the past [1]–[5], [7], [8], [10]–[15]. Most
of these were mainly directed at the primary distribution systems. The problems were formulated and solved to control the
switching of sectionalize and tie switches so as to achieve a
better efficiency. However, they did not guarantee the optimal
solution although they provide high quality suboptimal solution.
In this paper, the focus is on phase and load balancing at the primary and secondary levels of a distribution system.
Traditionally, to reduce the unbalance current in a feeder the
connection phases of some feeders are changed manually after
some field measurement and software analysis. This is, however, time-consuming, necessitates service interruption, and unsuccessful many times.
With the advent of artificial intelligence, telecommunication
and power electronics equipments in power systems, it is becoming easier to envisage automation of the phase and load balancing problem. The automation implementation will be technically advantageous as well as economical for the utilities and
the customers, in terms of the variable costs reduction and better
service quality, respectively.
While neural network is adopted for the network reconfiguration problem, this paper introduces a heuristic method for
the phase balancing/loss minimization problem. Comparison of
the heuristic algorithm with that of the neural network shows
the former to be more robust. The approach proposed here,
therefore for the combined problem, uses the neural network in
conjunction with a heuristic method which enables the different
reconfiguration switches to be turned on/off and also connected
consumers to be switched between different phases to keep
the phases balanced. An application example of the proposed
method using real data is presented.
II. PROBLEM DESCRIPTION AND FORMULATION
A. Network and Feeder Reconfiguration
The distribution system is the final stage in the transfer of
power to individual customers. Typically, it commences from
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the secondary of the sub-transmission station transformers,
and normally consists of two levels – primary distribution or
medium voltage (MV) level, and the secondary distribution or
low voltage (LV) level.
There are two types of switch in primary distribution systems:
normally closed switch which connects line sections, and normally open switch on the tie-lines which connects two primary
feeders, or two substations or loop-type laterals. Network reconfiguration (or feeder reconfiguration) is the process of altering
the topological structures of the distribution feeders by changing
the open/close status of the sectionalizing and tie switch [1].
In general, distribution loads show different characteristics
according to their corresponding distribution lines and line sections. Therefore, load levels for each time period can be regarded as nonidentical. In the case of a distribution system with
some overloaded and some lightly loaded branches, there is the
need to reconfigure the system such that loads are transferred
from the heavily loaded to less loaded feeders. The maximum
load current which the feeder conductor can take may be considered as the reference. Nevertheless, the transfer of load must
be such that a certain predefined objective is satisfied. In this
case, the objective is to ensure the network has minimum real
power loss. Consequently, reconfiguration may be redefined as
the rearrangement of the network such as to minimize the total
real power losses arising from line branches. Mathematically,
the total power loss can be expressed as follows [7]–[9]:
(1)
where , , , are, respectively, the resistance, real power,
reactive power, and voltage of branch , and is the total number
of branches in the system. The aim of this study is to minimize
the power loss represented by (1) subject to the following constraints.
• The voltage magnitude of each node of each branch
must lie within a permissible range. Here a branch can be a
transformer, a line section or a tie line with a sectionalizing
switch
(2)
• The line capacity limits.
B. Phase and Load Balancing
In South Africa, a distribution feeder is usually a three-phase,
four wire system. It can be radial or open loop structure. The
size of the conductor for the entire line of the feeder is the same.
The feeder example shown in Fig. 1 has three phase conductors
for the section between the main transformer and the different
load points. In this study the number of loads is limited to fifteen load points. To improve the system phase voltage and current unbalances, it will require that, at the MV level, the connection between the specific feeder and the distribution transformers should be suitably rearranged. Whereas at the LV level,
the assignation of single phase loads to phases along a radial
feeder should also be reorganized [6]. In this work, the former
is referred to as phase balancing, while the latter is generally referred to as load balancing. The ensuing benefits will be reduced
loss and better performance of the network.

Fig. 1. Example of distribution feeder.

To balance the three phase currents in every segment and then
depressing the neutral line current is a very difficult task for the
distribution engineers considering the fact that they do not have
control over their customers. Traditionally, phase and load balancing are done manually. Based on expert knowledge, this is
usually done by changing the connection phases of a few critical distribution points to the specific primary feeder by measuring the three phase currents of the transformers. The balance
of a feeder, in which the connection phases of some distribution systems are rearranged, might be improved but usually the
change do not last for a long period of time. It is a matter of fact
that the possibility of finding a good connection scheme to keep
the phase to be balanced is almost impossible by using only the
trial and error approach. Using this manual trial and error technique, interruption of the service continuity is unavoidable when
changing the connection phases of distribution transformers to
the feeder.
,
The relationship per phase between no-load voltage
and load current
is shown in (3),
internal impedance
where
, and
are complex phasors and
, 2, 3.
(3)
Given the above dependency between voltage and load current and the fact that the impedance is constant, this study will
focus on the currents. Due to topology of the switch selector,
Fig. 2, there could be a constraint on the number of switch–on
and switch–off. Fig. 2 shows that each consumer is a singlephase load, which via a controllable static switch (in this case
triac) can be connected to a desired phase. Thus, the controllable static switch enables the ensuing control action from the
solution algorithm to be implemented such that a load is reconnected to a desired phase that will result in better phase balance.
For the distribution system as shown in Fig. 1, a network with
three phases with a known structure, the problem consists of
finding a condition of balancing. The mathematical model can
be expressed as
(4)
(5)
(6)
,
and
represent the currents (phawhere
sors) per phase (1, 2, and 3) after the point of connection;
are different switches (the value of “1” means
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Fig. 2. Switch selector.

the switch is ON and “0” means it is OFF).
,
and
represent different load currents (phasors) connected to the
distribution system at point of connections. The constraints
on the switches in (4)–(6) can be written as
(7)
(8)
(9)
III. HEURISTIC METHOD
Fig. 3. Flowchart of the implementation of the heuristic method for load balancing.

A. Description
For the phase and load balancing a heuristic method is proposed in this paper on the sample distribution system shown in
Fig. 1 which consists of 15 loads, each having three switches to
the three phases. Following (7)–(9), the logic of load connection should be that: for each load, only one switch should be
closed, other two should remain open, i.e., each load should be
connected to only one of the three phases. The load currents are
referred here by the term “load.” The following initial assumptions should be considered for the proposed method.
i. The present algorithm should be applied to 15 loads only.
ii. The loads should be considered equally distributed per
phase, i.e., 5 loads to be connected per phase.
The problem, therefore, is: to find the optimum three sets
of five loads, with minimum differences among the individual
sums of the three sets. To achieve this, first we calculate the
, which is equal to the
ideal phase balance current value
one-third of the sum of the all 15 load currents

subject to the constraint:
(13)
The proposed heuristic method has been implemented using
Matlab® [8]. The implementation takes as input the sequence of
15 load currents. It returns as output the sequence of the switch
closing for each load, i.e., integer 1, 2, or 3 for each load, where
1, 2, 3 represents the switches for the respective phases as shown
in Fig. 1. Using the output switch closing sequence and the load
currents, we can calculate the three balanced phase currents and
the differences between them, which indicate the quality of the
phase balance. The implementation steps are depicted in the
flowchart shown in Fig. 2.
In Fig. 3, the left chart shows the main algorithm, and right
chart shows a subroutine which is explained gradually below.

(10)
B. Main Algorithm
In the second step, optimally select 3 sets of currents for the
, each set comprising of 5 load currents
three phase currents
(11)
(12)
Difference between the individual sum of these sets and the
should be minimum, ideally 0 for the perfect phase balhave to be found,
ance. So, three sets of

The main algorithm for the implementation of the heuristic
method is shown in the left flowchart in Fig. 3. The sequential
steps are as follows.
• The 15 load currents are considered as vector.
• The output vector of the switching sequences is initialized for
each load, which is also a vector of 15 elements.
• Then the

is computed using (10).
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• Check all the 15 loads to find the first set of five load currents,
optimally ON to
. This is done by the
i.e., for
subroutine “Calculate set of 5” shown in the right chart in
Fig. 2, and explained later.
is updated by

• The output switching sequence for
marking it “1.”

• Then remaining 10 loads are checked to find the second set
optimally ON to
. This is
of 5 load currents, i.e., for
also done by the subroutine: “Calculate set of 5.”
• The output switching sequences for
marking those 2.
• After finding the sequences for
currents will be allocated to
.

is updated by
and

• We mark the first element as 2.
• Iterate over nine load currents for every possible combinations
of the set of four load currents. The elements in the sets are
placed position independently, i.e., {1, 2, 3, 4} is same as {2,
1, 4, 3}.
• For each possible set, the difference parameter ( ) is
calculated with (14).
• Choose the set with the minimum value of as the optimum
balance set.
• Return the set for the

the rest 5 load

• The output switching sequences for
marking those 3.

will be updated by

• The output switching sequences for
marking those 3.

will be updated by

• Using the output switching sequences of 1, 2, 3 for
,
and
and the input load currents, the balancing
,
, and
is computed. For
between phase currents
is calculated by adding all the 5 load currents
example,
corresponding to the output switching sequences marked 1.
,
and
is
• Then the differences between
calculated which ideally should be zero. It indicates the quality
of the phase balance.

.

IV. NEURAL NETWORK
Neural network is applied to solve the network and feeder reconfiguration problem. This has already been well documented
by Salazar, Gallego and Romero [13], as well as Kim et al. in
[14]. However, for comparison with the heuristic method neural
network is applied here to solve the phase and load balancing
problem as well.
The proposed strategy is to use the neural network to control the switch-closing sequence of each load for the minimum
power loss which will lead to the optimal phase balance. The inputs to the neural network are the unbalanced load currents (fifteen in the current study) and the outputs are the switch closing
sequences for each load.
The input layer of the network has input neurons, being
the number of unbalanced load currents to be controlled.
The following column vector has been assumed as the input

• The program returns:

(15)

i. The output switching sequence;

iii. The differences between the phase currents.

The output of the network is in the range {1, 2, 3} for each load,
i.e., which switch (to the specific phase) should be ON for that
specific load and moment in time.

C. Subroutine

A. Neural Network Structure

ii. The phase currents

,

and

;

The subroutine “Calculate set of 5” used to choose the output
sequences for
and
is presented; the sequential steps
are:
• For

, we start with the 15 load currents.

• Mark the first element as 1.
• Iterate over 14 load currents for every possible combinations
of the set of 4 load currents. The elements in the sets are placed
position independently, i.e., {1, 2, 3, 4} is same as {2, 1, 4, 3}.
• For each possible set, the difference parameter ( ) is
calculated:
(14)
• Choose the set with the minimum value of as the optimum
balance set.
• We return the set for the
• For

.

, start with the 10 load currents.

The radial basis network [3] has been used for this application. Experimentations with the back propagation and the radial
basis network indicated faster training and better convergence
for the latter. Radial basis networks may require more neurons
than the standard feed-forward back propagation networks, but
often they can be designed in a fraction of the time needed to
train the standard feed-forward networks. They work best when
many training vectors are available [4]. Matlab® neural network
toolbox [8] has been used for the implementation. As result of
repeated simulations with different kinds of radial basis networks, the generalized regression neural network (GRNN) [8]
produced the best result; a generalized regression neural network is often used for function approximation. It has a radial
basis layer and a special linear layer.
B. Network Training
The neural network was trained using 500 set of real historical
data for fifteen randomly selected houses in a South African city.
The real data set consisted of unbalanced load data that include
average load current values per house in a specific locality of
the city for the different times of each day in a month.
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Assuming the number of loads to be equally distributed per
phase, the problem is to find the optimum three sets of two loads,
with minimum differences among the individual sums of the
three sets. To achieve this, the ideal phase balance current value
is firstly calculated, which is equal to the one-third of the
sum of the all 15 load currents

TABLE I
UNBALANCE LOAD CURRENTS (DATA)

(16)
In the second step, we optimally select our 3 sets of currents for
, each set comprising of two load
the three phase currents
currents
.
(17)
(18)
The difference between the individual sum of these sets and
should be minimum, ideally 0 for the perfect phase
the
,
balance. So, it is needed to find three sets of
subject to the constraint
(19)
Following this, the output switching sequences are obtained
as the target data set for training the networks. The balanced
,
and
have been computed using
phase currents
the output switching sequences and the input load currents. For
is calculated by adding the two load currents corexample,
responding to the output switching sequences marked “1.” Then
,
and
have been comthe differences between
puted, which ideally should be zero. The differences indicate
the quality of the phase balance [1].
The above-mentioned neural network is then trained using
the real and simulated unbalanced load as the input vector, and
the output switching sequences as the target vector. Then, the
network is tested with different unbalanced load data set. The
output was the optimal switching sequences of {1, 2, 3} for the
three-phases as explained above. Using the similar procedure as
explained above, the balanced phase currents have been computed and the differences between the phase currents ( ) and
the results indicate the quality of the balance

(20)
V. SIMULATION RESULTS
First, the algorithm was tested on real data, received from
local electricity supply. This data set had average load current
values per consumer in a specific locality of the city for different times of each day in a month. The same fifteen consumers,
which historical data were used to train the neural network, have
been selected as case study. The load currents were measured
three times at different time period of the day and the results are
as presented in Table I, where “1” means the respective load is
, “2” to
and “3” to
. These data with
connected to

TABLE II
OUTPUT SWITCHING SEQUENCES

the original unbalance are adopted as the base for validating the
two algorithms.
An Intel® Celeron® 1.9 GHz, 256 MB RAM computer was
used for the test and the algorithms were implemented using
Matlab 6. Table II shows the output switching sequences for the
two algorithms. Table III shows the results of applying the two
algorithms indicating ensuing balanced phase currents. In Tables II and III, “NN” is the abbreviation for the Neural Networkbased approach, and “HE” is the abbreviation for the Heuristic
Method based approach.
Table III shows the phase currents to the transformer connecin
tion after applying NN and HE. The parameter
Tables I, III, and IV is the maximum difference of the phase
currents, which ideally should be zero if there is no imbalance.
To confirm the general applicability of the methods and the
resulting comments the test was repeated for a bigger system of
45 loads. The results are as presented in Table IV.
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TABLE IV
45 LOADS APPLICATION

A. Comments on Results
• Comparing the parameter
, the maximum difference of the phase currents, in the unbalance situation
(Table I) with those obtained after applying the two algorithms (Table III), a considerable improvement in the unbalance is noted, and the Heuristic algorithm appears to
give a better phase balancing result. This observation is
confirmed also for a bigger system in Table IV.
• In terms of the average computation time ( ), as can be
noticed from Tables III and IV, the heuristic method is
faster compared to the neural network method. The difference seems to increase with bigger number of loads.
• The proposed methods and their resulting comments are
generally applicable to any number of unbalanced load
data or system.

VI. CONCLUSIONS
Phase and load balancing are important complement to
network and feeder reconfiguration. In distribution automation
these problems have to be continuously solved simultaneously
to guarantee optimal performance of a distribution network. In
this paper the phase balancing problem between the specific
feeder at MV level and the distribution transformers in a radial
structure, and the load balancing along a LV feeder have been
formulated as current balancing optimization problems with
due consideration for the various constraints. On the other hand
the network and feeder reconfiguration problem was formulated as power loss minimization problem with the view for its
solution to control the opening and closing of sectionalizing
and tie switches.
Emphasis has been concentrated on solving the phase and
load balancing problems, as it appears the solution of the reconfiguration problem has been well covered in the literatures.
Two Matlab® based solution methods have been proposed and
demonstrated with real data. The first is a heuristic method
and the other is neural network-based technique. The proposed
methods were successfully tested using real data obtained
from local municipal electricity supplier. From practical
point of view these methods can be very effective as several
model-based approaches usually take very long running time.
The heuristic method has been found to be more suitable and
faster compared to the neural network.
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